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particular, the characterization of CD901 (Thy 1)/CD117lo
(c-kit) ªprothymocytesº in mouse fetal blood suggests
that ab T lineage-committed precursors may colonize
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University of Toronto the thymus during fetalontogeny (Rodewald etal., 1994).
Moreover, CD901/CD117lo fetal blood cells were re-Toronto, Ontario M5S 1A8
Canada ported to occur at a normal frequency in athymic nude
(nu/nu) mice, which fail to develop intact thymic and
peripheral epithelium due to a defect in expression of
the winged-helix nude (whn) gene (Boehm et al., 1995).Summary
This was taken to suggest that commitment to the ab
T cell lineage can precede thymus colonization (Rode-We recently identified a fetal thymic developmental
wald et al., 1994; Rodewald, 1995). However, NK lineagestage (NK1.11/CD117lo) that characterizes committed
potential was not addressed in these reports, and theT/NK progenitors. We now report the existence of phe-
close lineage relationship between T and NK cells mightnotypically and functionally identical T/NK progenitors
be taken to indicate that these fetal blood cells may notin mouse fetal blood and spleen but not in fetal liver.
be exclusively T lineage-committed prior to entry intoThese precursors are indistinguishable from previously
the thymus.characterized fetal blood ªprothymocytesº (CD901/
To address the requirements for commitment to theCD117lo), with the exception that they express NK1.1,
T and NK lymphocyte lineages, we examined day 13±16lack markers associated with T lineage commitment,
fetal blood and spleen cells from normal and athymicmaintain a germline TCRb locus, and can give rise to
nude mice. We now report that the majority (80%±90%)both T and NK cells. Moreover, NK1.11/CD901/CD117lo
of fetal blood prothymocytes (previously defined asfetal blood precursors are present in athymic nude
CD901/CD117lo/CD32 (Rodewald et al., 1994)) possessmice. These results suggest that the T/NK lineage
a phenotype identical to fetal thymic NK1.11 (FTNK)commitment pathway is thymus-independent. In con-
progenitor cells (Carlyle et al., 1997), which exhibit po-trast, full commitment to the ab T lineage does not
tential for both the T and NK cell lineages. Importantly,precede thymus colonization.
these fetal blood cells display the NK1.1 (CD161) mole-
cule of NK cells and lack expression of CD25, a markerIntroduction
that correlates with T lineage commitment in the thymus
(Moore and Zlotnik, 1995; ZuÂ nÄ iga-PfluÈ cker et al., 1995).Fetal liver-derived hematopoietic precursors migrate
Phenotypically similar populations of NK1.11/CD901/through the fetal blood to colonize the early fetal thymic
CD117lo/CD32 cells were found in the fetal thymus,rudiment by day 11 of mouse gestation (Jotereau et al.,
blood, and spleen, but not to a significant extent in the1987). However, the phenotype and precursor potential
fetal liver. Consistent with the phenotype of their thymicof thymus-colonizing precursors remain controversial.
counterparts, these NK1.11/CD117lo cells from the fetalThe earliest precursors found in the fetal and adult thy-
blood and spleen were capable of reconstituting ab Tmus, thymic lymphoid progenitors (TLPs), appear to be
lineage cells in fetal thymic organ culture (FTOC) yeta homogenous population of multipotent lymphoid-
also gave rise to NK cells upon coculture with bonecommitted precursors capable of giving rise to the B,
marrow±derived stromal cells. Thus, we provide furtherT, lymphoid dendritic (LD), and natural killer (NK) cell
evidence of the existence of a developmental stagelineages, but they lack myeloid and other hematopoietic
common to both T and NK cellsduring fetal hematopoie-potentials (Ardavin et al., 1993; Godfrey and Zlotnik,
sis, which defines a lymphocyte lineage commitment1993; Matsuzaki et al., 1993; Shortman and Wu, 1996;
pathway independent of thymic epithelium. Moreover,ZuÂ nÄ iga-PfluÈ cker and Lenardo, 1996; Carlyle et al., 1997).
our data support a unique role for the thymus in theHowever, in the day 12 fetal thymus, prior to the estab-
induction of full commitment to the ab T lineage duringlishment of an intact thymic microenvironment capable
fetal development.of supporting complete ab T lymphopoiesis (Amagai et
al., 1995), myeloid potential is recoverable, and these
precursors seem to be phenotypically and functionally Results
similar to multipotent hematopoietic cells (Peault et al.,
1994). In this regard, experimental seedingof the thymus Identification of NK1.11 Cells in Mouse
with multipotent hematopoietic cells leads to the induc- Fetal Circulation
tion of commitment to the T lineage (Spangrude and To outline the developmental appearance of T/NK lin-
Scollay, 1990; Oosterwegel et al., 1997). eage precursors in the circulation during fetal ontogeny,
Nonetheless, the role of the thymic microenvironment we analyzed day 13±16 fetal blood and spleen cells for
as a unique site for the induction of commitment to NK1.1 expression. A significant percentage of NK1.11
the conventional ab T lineage remains in question. In cells was observed in the fetal blood, spleen, and thy-
mus by day 13 of gestation, although NK1.1 expression
could not be detected to a significant extent on fetal*To whom correspondence should be addressed (e-mail: jc.zuniga.
pflucker@utoronto.ca). liver cells (Figure 1; data not shown). The paucity of
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Figure 1. Identification of NK1.11 Cells in
Mouse Fetal Circulation
Freshly isolated fetal liver, blood, spleen
cells, and thymocytes from timed-pregnant
Swiss.NIH mice (day 13 of gestation) were
analyzed by three-color flow cytometric anal-
ysis for surface expression of NK1.1 (CD161),
CD90 (Thy-1), and CD117 (c-kit). Percentages
of cells in each quadrant are indicated in the
upper right hand corner.
NK1.11 cells in the fetal liver suggests that efficient gen- cells express high levels of CD24 (Figure 2A), among
the CD117lo/CD901/CD32 population only low-level ex-eration of NK1.11 cells in fetal ontogeny occurs during
pression of CD24 could be detected (data not shown).or after emigration from the fetal liver into the circulation.
Therefore, to enrich the CD117lo/CD901/CD32 popula-Notably, NK1.11 fetal blood and spleen cells express
tion for further analysis, we depleted day 15 fetal bloodCD117, albeit at low levels, similar to the NK1.11/
and spleen cell suspensions of CD24hi cells by antibody/CD1171 cell population in the fetal thymus (Figure 1,
complement-mediated lysis (a-CD24, J11d.2), as pre-top). This suggests that these circulating NK1.11 cells
viously described (Bell and Zamoyska, 1991; Carlyle etare either early NK lineage precursors or an analogous
al., 1998). Figure 2A shows CD24 (a-CD24, M1/69) ver-population to fetal thymic NK1.11 (FTNK) progenitors
sus CD117 expression on day 15 fetal blood, spleen(Carlyle et al., 1997), which are capable of giving rise to
cells, and thymocytes before (total) and after CD24both T and NK cells. However, further analysis for CD90
depletion (CD24lo). Fetal thymocytes were included as(Figure 1, middle and bottom) and CD3 expression (data
a reference population for the expression of variousnot shown) revealed that the majority of NK1.11 cells in
markers on committed pro-T cells and natural killer cellsthe fetal blood and spleen display a phenotype similar to
(Carlyle et al., 1998).previously described fetal blood prothymocytes (CD901/
Figure 2B shows flow cytometric analysis of expres-CD117lo/CD32) (Rodewald et al., 1994). As differential
sion of lymphocyte differentiation markers on CD24loexpression of the NK1.1 molecule would be inconsistent
fetal blood, spleen cells, and thymocytes. Expressionwith previous work defining CD117lo/CD901/CD32 fetal
of each marker was plotted versus CD117 expression,
blood cells as a homogenous population of ab T lineage-
both with and without gating on CD901 cells (Figure 2B,
committed prothymocytes (Rodewald et al., 1994), we
CD90 versus CD117, top; dark shading, CD901 gated;
analyzed these cells further for various lineage markers. light shading, ungated). As previously reported, fetal
blood contains a substantial population of CD901 cells
with low-level expression of CD117 (Figure 2B) (Rode-
Circulating Fetal NK1.11 Cells Resemble wald et al., 1994). Examination of fetal spleen reveals
Fetal Blood Prothymocytes that these cells closely resemble fetal blood among the
CD24 (HSA) is a marker frequently used to discriminate CD24lo population and most likely represent part of a
a number of lineage-committed hematopoietic differen- common but noncirculating pool, with the exception that
tiation stages in the fetal thymus and liver from early the fetal spleen contains additional populations of cells
multipotent precursors, which are CD24lo (Bell and Za- probably undergoing in situ hematopoietic differentia-
moyska, 1991; Carlyleet al., 1998). As thymus-colonizing tion (Figure 2A, CD24hi/CD117lo cells). In contrast, al-
precursors upregulate CD24 expression to high levels though fetal thymocytes contain a significant population
after commitment to the T lineage (pro-T stage) (Nikolic- of CD901/CD117lo cells, an additional CD901/CD1172
Zugic, 1991; ZuÂ nÄ iga-PfluÈ cker et al., 1995), we analyzed population is evident, which contains functional natural
total day 15 fetal blood and spleen cells for expression killer cells (Carlyle et al., 1998). Subsequent panels in-
clude gating on CD901 cells as indicated.of CD24. Although the majority of fetal blood and spleen
Role for the Thymus in T Lineage Commitment
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Figure 2. NK1.11 Fetal Blood and Spleen Cells Resemble Fetal Blood Prothymocytes
Freshly isolated day 15 fetal blood, spleen cells, and thymocytes were analyzed by three-color flow cytometric analysis for surface expression
of various lymphocyte differentiation markers.
(A) Cells were analyzed for expression of CD24 (HSA) (a-CD24: M1/69) versus CD117. Panels show cells before (total) and after (CD24lo)
antibody/complement-mediated depletion of cells expressing high levels of CD24 (a-CD24: J11d.2).
(B and C) CD24lo fetal blood (FB), spleen cells (FS), and thymocytes (FT) were analyzed by three-color flow cytometry for expression of
lymphocyte differentiation markers. Panels show cells ungated (light shading) and gated on CD901 cells (dark shading); percentages of cells
in each quadrant for ungated (plain type) and CD901 gated (bold type) cells are shown.
As demonstrated in Figures 2A and 2B, the CD901/ Lenardo, 1996; Tourigny et al., 1997), CD901/CD117lo
fetal blood and spleen cellsdiffer from their thymic coun-CD117lo population is significantly enriched by CD24
depletion, as are the multipotent precursors and mature terpart in that they possess lower levels of CD24 and
lack expression of CD25 (Figures 2A and 2B). Thus,NK cells in the fetal thymus (see below). Analysis of
markers associated with T lineage differentiation in the the circulating CD901 cells exhibit a phenotype more
consistent with uncommitted precursors or committedthymus, CD3e, CD44 (Pgp-1), and CD25 (IL-2Ra), shows
that CD901/CD117lo fetal blood and spleen populations NK lineage cells, rather than pro-T cells.
As CD90 is also expressed on the majority of thymicdisplay a CD3e2/CD441/CD252 phenotype. This pheno-
type corresponds in the fetal thymus to the CD4/CD8 and peripheral NK cells (Trinchieri, 1989), we investi-
gated the possibility that CD901 fetal blood and spleendouble-negative (DN I) population (Godfrey and Zlotnik,
1993; Godfrey et al., 1993; Tourigny et al., 1997), the cells might include committed T/NK progenitors and/or
NK lineage cells. To this end, we analyzed expressionsubset that contains the earliest multipotent thymic pre-
cursors (TLPs) as well as mature NK cells (Carlyle et al., of NK1.1 (CD161) (Carlyle et al., 1997, 1998), CD16/32
(FcgRIII/II) (Rodewald et al., 1992, 1993), CD122 (IL-2/1998). As thymus-derived pro-T cells (DN II) express
CD25 and upregulate CD24 expression to high levels 15Rb) (Leclercq et al., 1996; Reya et al., 1996), and the
recently described pan-NK cell marker DX5 (Moore etupon commitment to the T lineage (Moore and Zlotnik,
1995; ZuÂ nÄ iga-PfluÈ cker et al., 1995; ZuÂ nÄ iga-PfluÈ cker and al., 1996) (Figure 2C). Analysis of NK1.1 and CD16/32
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reveals that the majority (80%±90%) of day 15 CD901/
CD117lo/CD32 fetal blood and spleen cells express both
NK1.1 and CD16/32 (Figure 2C). As lineage-committed
T/NK progenitors and mature NK cells in the fetal thymus
also express these markers (Carlyle et al., 1997, 1998),
this suggests that circulating CD901 cells have a pheno-
type consistent with the loss of precursor multipotency,
that is, loss of B lymphoid and myeloid potential (Rode-
wald et al., 1994). Furthermore, almost half of CD901
fetal blood and spleen cells express CD122 (Figure 2C),
a molecule necessary for NK lineage differentiation (Su-
zuki et al., 1997) and reported to be expressed on bipo-
tent T/NK precursors in the fetal thymus (Leclercq et
al., 1996; Reya et al., 1996). Although the regulated ex-
pression of DX5 during lymphocyte lineage commitment
remains unknown, DX5 is expressed by all mature NK
cells (Moore et al., 1996). Analysis of DX5 expression
revealed that the majority ($90%) of CD901 fetal blood
and spleen cells lack expression of DX5 (Figure 2C). In
contrast, a significant population of fetal thymocytes,
which contains mature and functional NK cells (Carlyle
et al., 1998), coexpresses NK1.1, CD16/32, CD122, and
DX5, and lacks CD117 expression (Figure 2C). Thus,
NK1.11 fetal blood and spleen cells are not mature NK
cells, and at least the majority do not obviously appear
to be NK lineage-committed. Rather, they exhibit a phe-
notype reminiscent of NK1.11/CD1171 FTNK progeni-
tors in the fetal thymus (Figure 2C; FT, NK1.1 versus
CD117, upper right quadrant) (Carlyle et al., 1997). These
findings also support our previous work demonstrating
that NK cell differentiation first occurs in the thymus
during fetal ontogeny (Carlyle et al., 1998) and that ma-
ture CD1172/DX51 NK cells appear to be absent from
the early fetal circulation.
Figure 3. NK1.11 Fetal Blood and Spleen Cells Express Genes As-
sociated with Lymphocyte Lineage CommitmentNK1.11 Fetal Blood and Spleen Cells Express
Total RNA from fresh sorted NK1.11/CD901/CD117lo (CD24lo) dayGenes Associated with Lymphoid
15 fetal blood and spleen cells (NK1.11 FB/S) was analyzed forLineage Commitment
expression of genes associated with lymphocyte differentiation by
To characterize expression of lymphocyte differentia- RT-PCR. Total (unsorted) day 15 fetal thymocytes (FT) and fetal liver
tion genes in circulating fetal NK1.11 cells, we employed (FL) cells were included as controls. cDNAs were prepared from 1
RT-PCR analysis (Figure 3). Day 15 fetal liver cells and mg of total RNA, then amplified simultaneously by PCR using gene-
specific primer pairs, as indicated.thymocytes were included as controls, as these popula-
tions contain defined subsets of uncommitted and lym-
phocyte lineage-committed progenitors. As shown in
Figure 3, sorted NK1.11/CD901/CD117lo fetal blood and thymus prior to the initiation of TCRb rearrangement,
was also lacking in these cells (Hozumi et al., 1994).spleen cells express transcripts for the Ikaros family of
genes (Georgopoulos et al., 1994), consistent with their However, low-level expression of RAG-1 was detected,
suggesting that RAG-1 and RAG-2 are differentially reg-lymphoid lineage-committed phenotype. These cells
also express the T lineage-specific transcription factors ulated in NK1.11 fetal blood and spleen cells. Neverthe-
less, RAG-1 expression in the absence of RAG-2 expres-GATA-3 and TCF-1 (Oosterwegel et al., 1991; Ko and
Engel, 1993). We also detected germline transcripts for sion implies that these cells are not yet capable of
undergoing site-specific DNA recombination (see be-TCR Cb, which is known to be expressed on lymphoid
lineage precursors (Soloff et al., 1995). As previously low) (Mombaerts et al., 1992; Shinkai et al., 1992).
Lck, a protein tyrosine kinase expressed early in lym-reported for sorted CD901 fetal blood cells (Bruno et
al., 1995), low-level expression of the pre-Ta gene was phocyte differentiation (Hattori et al., 1996a), was de-
tected on sorted NK1.11 fetal blood and spleen cells.also detected among sorted NK1.11 fetal blood and
spleen cells. However, these cells lacked expression These cells also express high levels of IL-7Ra, as pre-
viously reported for CD901 fetal blood prothymocytesof CD3e, which is expressed in the earliest T lineage-
committed subset in the fetal thymus at day 13 of gesta- (Rodewald et al., 1994; Rodewald, 1995). Expression of
IL-15Ra, reported to be present on CD1171/Lin2/Sca-21tion (Hattori et al., 1996a, 1996b; Hozumi et al., 1996).
Expression of RAG-2, a lymphoid-specific gene ex- lymphoid lineage-committed progenitors in adult bone
marrow (Williams et al., 1997), was also detected inpressed at the CD1171/CD251 pro-T stage in the fetal
Role for the Thymus in T Lineage Commitment
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Figure 4. NK1.11 Fetal Blood and Spleen
Cells Maintain their TCRb Locus in the Germ-
line Configuration
Fresh sorted NK1.11/CD901/CD117lo (CD24lo)
day 15 fetal blood and spleen cells were ana-
lyzed for evidence of DJ rearrangements at
the TCRb locus by PCR.
(A) Day 15 fetal blood, spleen cells, and thy-
mocytes were depleted for CD24, then ana-
lyzed by flow cytometry for expression of
NK1.1 versus CD90 (left panels). Also shown
is total day 15 nude (nu/nu) fetal blood cells
(right panel). Quadrants indicate divisions
used for sorting NK1.11 (upper quadrants)
and CD901 (right quadrants) cells for DNA
analysis.
(B) Genomic DNA was prepared from cell
populations as indicated and analyzed for re-
arrangements by PCR using primers flanking
the Db2 and Jb2 elements of the TCRb locus.
PCR-amplified DNA was then Southern blot-
ted and visualized using an z800 bp internal
genomic probe spanning the Jb2 region. Panels show PCR analysis on total d14±15 fetal thymocytes (FT) and adult RAG-22/2 thymocytes
(AT), as control samples, and day 15±16 fetal blood and spleen cells (FB/S) from normal and athymic nude (nu/nu) mice, as indicated.
(C) Day 15 fetal thymus DNA was titrated in the indicated ratios into RAG-2-/- DNA prior to PCR amplification (ratios are expressed as amount
of d15 FT DNA:total DNA). PCR-amplified DNA was analyzed in parallel with (B) above.
sorted NK1.11 fetal blood and spleen cells, albeit at mice was not directly investigated. To address these
issues, we used PCR to examine the extent of DJb re-lower levels than those observed for IL-7Ra. Importantly,
we detected expression of genes associated with NK arrangement in DNA isolated from sorted CD901 and
NK1.11 (CD117lo/CD32/DX52) fetal blood/spleen cells atlineage differentiation and function (Carlyle et al., 1998),
including the NKR-P1 family members, perforin, and various days of gestation. Figure 4A shows the flow
cytometric profiles of NK1.1 versus CD90 expression onCD95L (Fas ligand), indicating that NK lineage-specific
markers other than NK1.1 are also present in these cells. CD24lo day 15 fetal blood, spleen cells, and thymocytes
(left panels), and ontotal day 15 athymicnude fetal bloodThis suggests that circulating CD901 cells may not be
exclusively committed to the T cell lineage, as previously cells (right panel). In contrast to previously published
results, we could find no evidence of DJb rearrange-proposed (Rodewald et al., 1994).
ments in DNA samples isolated from either the CD901
or the NK1.11 subset, even by day 16 of fetal ontogenyNK1.11 Fetal Blood and Spleen Cells
Maintain their TCRb Locus in the (Figure 4B). Furthermore, DJb rearrangements were ab-
sent among CD901 cells isolated from the circulation ofGermline Configuration
CD901 fetal blood cells have been reported to include fetal athymic nude (nu/nu) mice (Figures 4A and 4B).
Importantly, this was not due to a lack of sensitivity incells undergoing TCRb rearrangement, an indication
that at least a small subset of these cells is fully T lin- our assay, as mixing experiments involving titration of
d15 fetal thymus DNA into RAG-22/2 adult thymus DNAeage-committed. However, due to the paucity of CD251
cells in the fetal blood and spleen, and because previ- demonstrated that rearrangements were detectable to
lower than 1% (1/243) of the level found among totalous reports could not distinguish whether the DJb re-
arrangements detected were due to the inclusion of a d15 fetal thymocytes (Figure 4C). One possible explana-
tion for the discrepancy between our results and thosesmall number of CD901 recent thymic emigrant cells,
we further analyzed NK1.11 fetal blood and spleen cells previously published (Rodewald et al., 1994; Rodewald,
1995) might be that the CD901 population of cells con-for DJ rearrangements at the TCRb locus.
NK1.11/CD901/CD117lo fetal blood and spleen cells tains small numbers of thymic emigrant cells that may
have been removed by the CD24 depletion employedare present early in fetal ontogeny (Figure 1), prior to
the onset of DJb rearrangement in the thymus at ap- in our protocols. In any case, the NK1.11 precursor sub-
set in the fetal blood and spleen, which accounts forproximately day 13 of gestation (Falk et al., 1996; Oos-
terwegel et al., 1997). As these circulating cells appear 80%±90% of CD901/CD117lo/CD32 cells (Figure 4A), has
not yet undergone rearrangement of the TCRb locus.to be at a developmental stage prior to full T lineage
commitment (Figures 2 and 3), we hypothesized that
the detection of DJb rearrangements in the circulation
would only occur after the appearance of such rear- Circulating Fetal NK1.11 Cells Are Capable
of Giving Rise to T and NK Cells in FTOCrangements among fetal thymocytes during ontogeny.
Moreover, although CD901/CD117lo/CD32 progenitors CD901/CD117lo/CD32 fetal blood cells were previously
shown to be capable of generating T lymphocytes inhave been reported to be present at similar levels in
athymic nude (nu/nu) mice (Rodewald et al., 1994), the vivo, both intrathymically and intravenously (Rodewald
et al., 1994; Rodewald, 1995). However, the T lineageDJb rearrangement status of cells isolated from these
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Figure 5. NK1.11 Fetal Blood Cells Generate
ab T Cells in Fetal Thymic Organ Culture
(FTOC)
CD24-depleted day 15 fetal blood cells were
sorted according to expression of NK1.1 and
tested for T lineage potential in RAG-22/2
FTOC reconstitution assays.
(A) CD24lo day 15 fetal blood cells were sorted
according to expression of NK1.1 and CD117
by FACS andgated for CD32/DX52 cells (data
not shown). Regions 1 and 2 (R1 and R2) indi-
cate the gates used for isolating NK1.12/
CD117hi (R1, 39%) and NK1.11/CD117lo (R2,
38%) cells. NK1.12/CD117hi fetal liver cells
were included as a control (sort not shown).
(B and C) Panels show flow cytometric analy-
sis for expression of CD4 versus CD8 (B)
and NK1.1 versus ab TCR (C) of dG-depleted
RAG-22/2 fetal thymuses either without the
addition of reconstituting cells (control, first
panel), or with the addition of 1 3 103 sorted
NK1.12/CD117hi fetal liver cells (FL, second
panel), NK1.12/CD117hi fetal blood cells (FB
NK1.12, third panel), or NK1.11/CD117lo fetal
blood cells (FB NK1.11, fourth panel). Results
for fetal spleen cells (data not shown) are sim-
ilar to those of fetal blood.
precursor potential of the NK1.11 subset, which ac- generate NK and B lineage cells upon coculture with
the bone marrow±derived stromal cell line, OP9 (Nakanocounts for 80%±90% of these cells, remains undeter-
mined. To assess T lineage precursor potential, we et al., 1994; Carlyle et al., 1997). For these assays, sorted
NK1.11/CD117lo/CD32/DX52 and NK1.12/CD117hi/CD32/sorted CD24-depleted day 15 fetal blood for NK1.11/
CD117lo/CD32/DX52 cells (Figure 5A, R2, 38%), and as- DX52 fetal blood cells were used in parallel with FTOC
reconstitutions (Figure 5B). Figure 6A shows that eachsessed their ability to reconstitute alymphoid (deoxy-
guanosine-depleted) fetal thymic organ cultures de- of these populations of cells was capable of giving rise
to NK1.11/CD192 NK lineage cells in vitro. As demon-rived from RAG-22/2 mice. Sorted NK1.12/CD117hi/
CD32/DX52 fetal blood (Figure 5A, R1, 39%) and fetal strated previously (Carlyle et al., 1997, 1998), the major-
ity of these cells expressed CD90 (Figure 6B). Addition-liver cells (data not shown) were included as controls,
as high-level expression of CD117 has been shown to ally, a subset of these cells represented mature NK
lineage cells, as indicated by their DX51/CD32 pheno-correlate with multipotent hematopoietic precursor po-
tential in the fetal blood, thymus, and liver (Ogawa et type (Figure 6B; data not shown). Moreover, while
NK1.12 precursors were capable of giving rise to B lym-al., 1991; Matsuzaki et al., 1993; Rodewald et al., 1994;
Kawamoto et al., 1997). As shown in Figure 5B, sorted phocytes, as indicated by CD19 expression on NK1.12
cells, the NK1.11 precursors from the fetal blood failedNK1.11 fetal blood cells, as well as control NK1.12 fetal
blood and liver cells, gave rise to both CD41/CD81 im- to generate B lymphocytes (Figure 6A). This suggests
that NK1.11 fetal blood and spleen precursors have anmature double-positive (DP) and mature single-positive
(SP) T lymphocytes. A subset of these cells represented identical precursor potential to thephenotypically analo-
gous fetal thymic FTNK population. However, CD901/mature T cells as demonstrated by high-levelexpression
of ab TCR (Figure 5C). Each of these sorted precursor CD117lo/CD32 fetal blood cells, of which the NK1.11
subset constitutes the vast majority, were previouslypopulations gave rise to a small number of NK1.11/
TCR ab2 cells, which expressed DX5 (data not shown), suggested to be T lineage-committed prothymocytes.
Although NK lineage precursor potential was not ad-suggesting that they also possessed NK lineage precur-
sor potential. To address this possibility directly and dressed in these reports, coculture experiments with
the bone marrow stromal cell line, PA6, were performed.simultaneously examine the B lymphoid precursor po-
tential of these cells, we employed a sensitive in vitro These cocultures gave rise to slow-growing CD45R2/
IgM2 cells in vitro, the majority of which expressed CD90coculture assay.
(Rodewald et al., 1994), a similar phenotype to the NK
lineage cells generated in our assays (Figure 6). WeCirculating Fetal NK1.11 Cells Give Rise to NK Cells
but Not B Cells upon Coculture with Bone postulate that these slow-growing cells were indeed
NK lineage cells and offer the alternate hypothesis thatMarrow±Derived Stromal Cells
As the phenotype and T lineage potential of NK1.11 fetal CD901/CD117lo/CD32 fetal blood (and spleen) cells rep-
resent committed progenitors for T and NK cells, ratherblood and spleen cells resembled that of fetal thymic
NK1.11 (FTNK) progenitors, we assessed their ability to than T lineage-committed prothymocytes.
Role for the Thymus in T Lineage Commitment
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Figure 6. NK1.11 Fetal Blood Cells Give Rise
to NK but Not B Lineage Cells upon Coculture
with OP9 Bone Marrow±Derived Stromal Cells
In parallel with FTOC reconstitution assays
(Figure 5), sorted fetal blood cells were tested
for NK and B lineage potential by coculture
with OP9 bone marrow±derived stromal cells.
Cocultured cells were harvested and ana-
lyzed for expression of NK1.1 versus CD19
(A) and DX5 versus CD90 (B). Panels show
sorted, OP9-cocultured NK1.12/2/CD117hi fe-
tal liver (FL, first panel), NK1.12/CD117hi fetal
blood (FB NK1.12, second panel), and
NK1.11/CD117lo fetal blood (FB NK1.11, third
panel) cells. Results for sorted fetal spleen
cells (data not shown) are similar to those of
fetal blood.
Discussion which were estimated to represent z5% of sorted CD901
fetal blood prothymocytes (Rodewald et al., 1994; Rode-
wald, 1995). Furthermore, these analyses were carriedThe mouse fetal thymus is thought to be colonized by
out with fetal blood at day 15 of gestation, a stage inat least two populations of circulating hematopoietic
ontogeny after the onset of DJb rearrangements in theprogenitors, multipotent progenitors and prothymocytes,
thymus. Thus, it remains possible that the low level ofthe latter of which contains T lineage-committed precur-
DJb rearrangements detected in the fetal circulationsors (Rodewald, 1995). This notion served to suggest
may be the product of a small number of contaminatingthat the thymus, or at least thymic epithelium, is not
recent thymic emigrant cells that had committed to therequired for full commitment of hematopoietic precur-
T lineage under thymic influence prior to entering thesors to the ab T lymphocyte lineage. Here, we provide
circulation. This possibility is supported by the presenceevidence supporting a requirement for the thymic micro-
of a very small number of CD251/CD901 cells, pro-T-environment in the induction of irrevocable ab T lineage
like, evident by day 15 in CD24lo fetal blood and spleencommitment. Our data shows that the previously de-
cells (Figure 2B). Furthermore, whereas we were unablescribed fetal blood prothymocytes, which can be subdi-
to detect DJb rearrangements anywhere in the fetal cir-vided on the basis of NK1.1 expression, lack markers
culation even by day 16, such rearrangements areclearlyassociated with T lineage commitment and are capable
detectable among total fetal thymocytes at day 14 ofof giving rise to both T and NK lymphocytes in vitro.
gestation. It remains possible that the absence of de-Thus, the vast majority of these cells display a cellular
tectable rearrangements in our samples may be due toand molecular phenotype similar to that of bipotent T/NK
the CD24 depletion employed in our protocol, as DJb-progenitors present in the fetal thymus (Carlyle et al.,
rearranged day 15 pre-T, DN III, fetal thymocytes are1997).
CD24hi (Tourigny et al., 1997). To address whether DJbThe striking implication of these findings is that full
rearrangements among fetal blood cells might have
commitment to the ab T lineage during fetal develop-
been derived from recent thymic emigrants, and be-
ment requires a thymic inductive event. This report also
cause ab T lineage-committed (DJb-rearranged) prothy-
bridges a gap between human and mouse T and NK cell mocytes have not been directly demonstrated in athymic
differentiation, as the NK1.11 fetal murine precursors nude (nu/nu) mice, we examined CD901 fetal blood cells
appear to be analogous to bipotent T/NK progenitors from these mice (Figure 4A). Consistent with their athy-
described in the fetal human circulation (Phillips et al., mic phenotype, we could find no evidence of DJb re-
1992; Blom et al., 1997). Taken together, these results arrangements in CD901 fetal blood and spleen cells
suggest ab T lineage commitment of hematopoietic pre- from nude mice (Figure 4B). These data suggest that
cursors in the fetal circulation of mice and humans does the thymus, or at least intact epithelium (Nehls et al.,
not precede thymus colonization. 1994; Boehmet al., 1995), is required for full commitment
One of the hallmarks of irreversible T lineage commit- to the ab T lineage and initiation of TCRb gene re-
ment is the initiation of rearrangements at the TCR b arrangement (Oosterwegel et al., 1997). Consequently,
gene loci (Godfrey et al., 1994; Hozumi et al., 1994; the detection of T lineage-committed progenitors in the
Tourigny et al., 1997). Previously, the detection of TCR fetal circulation may result from a low level of thymocyte
DJb rearrangements was used to establish whether T emigration after the establishment of thymopoiesis
lineage-committed cells are present in the fetal blood (Stickney et al., 1994). Such emigrating cells may be
prior to thymic colonization. These reports relied on the responsible for the establishment of thymic-derived gut-
associated T cells, which can be blocked by neonataldetection of low levels of DJb rearrangements by PCR,
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irradiation and thymectomy (Rocha et al., 1994; Wang
and Klein, 1994; Lefrancois and Olson, 1997).
Alternatively, as NK1.11/CD901/CD117lo fetal blood
cells bear a similar phenotype to the recently described
T cell progenitors present in intestinal cryptopatches
(Kanamori et al., 1996; Saito et al., 1998), these cells
may be responsible for the colonization of the intestinal
cryptopatches, which give rise to intestinal intraepithe-
lial T lymphocytes. Although the characterization of the
intestinal cryptopatch precursors revealed that these
cells may represent T lineage-committed progenitors
(Saito et al., 1998), their NK cell precursor potential was
not assessed. We predict, based on their phenotypic
similarity, that these cells possess precursor potential
for both the T and NK cell lineages and represent an
analogous population to T/NK progenitors present in
the fetal blood, spleen, and thymus.
Our data provide evidence for the existence of com-
mon committed progenitors for T and NK cells in the
mouse fetal circulation. The finding that such lineage
commitment occurs in the absence of a thymus and in
nude mice suggests that intact epithelium is not required
for commitment to this stage during T and NK lineage
differentiation. In contrast, the thymus or at least thymic
epithelium appear to be necessary for full commitment
to the ab T lineage, as demonstrated by the absence
Figure 7. Model for T and NK Lineage Commitment Events in theof TCRb rearrangements and CD3e, RAG-2, and CD25
Fetal Mouseexpression in the circulating progenitors of fetal normal
Proposed scheme for lymphocyte lineage commitment to the T andand athymic nude mice. Furthermore, full NK lineage
NK cell fates. See text for further details.
commitment and differentiation is not apparent among
these cells, as indicated by their CD1171/DX52 pheno-
tagging strategies. The fact that this bipotent stage istype (Figure 2C) and expression of several T lineage-
not dependent on intact epithelium should facilitate theassociated genes (Figure 3). NK cell differentiation to a
identification of the molecular signals that control lym-functional DX51 stage appears to be thymus-induced
phocyte lineage commitment to the T and NK cell fates.during the earliest stages of fetal ontogeny, prior to
Figure 7 shows a scheme of T and NK lineage differen-establishment of the bone marrow as a site for hemato-
tiation. Multipotent hematopoietic progenitors enter intopoiesis and NK cell development. These data support
the circulation from the fetal liver during early ontogeny,our previous work demonstrating that functional NK
along with various lineage-committed progenitors. Acells differentiate first in the fetal thymus during ontog-
subset of multipotent cells gives rise to NK1.11 fetaleny (Carlyle et al., 1998) and that such cells are absent
T/NK (FTNK) lineage-committed progenitors. However,from the early fetal circulation (Figure 2C). Importantly,
the cellular and molecular signals responsible for thisthese results also support a role for the thymus as a
commitment event and whether it is induced in situ orunique tissue in fetal development, as it is not only capa-
stochastically reached upon emigration from the fetalble of inducing commitment to the bipotent and unipo-
liver all remain unknown. Nonetheless, both multipotenttent T and NK lineages, but it is also capable of autono-
and bipotent cells in the circulation are capable of seed-mously supporting the full differentiation and functional
ing other hematopoietic organs, including the fetalmaturation of both T and NK lymphocytes from uncom-
marrow, spleen, thymus, and possibly intestinal crypto-mitted precursors.
patches. FTNK progenitors may enter the thymus di-
rectly or may be induced to commit to this stage from
multipotent progenitors under the influence of thymicModel of T and NK Lineage Commitment
Events in the Fetal Mouse stroma. Upon entry into the fetal thymus, multipotent
progenitors rapidly commit to the lymphoid lineagesThe identification of a common phenotype that defines
bipotent precursors for T and NK lineage cells in the (fetal TLP, or FTLP, stage), restricting other hematopoi-
etic potentials including that of the myeloid lineage. Thy-fetal thymus, blood, and spleen, represents a significant
advance in the understanding of lymphocyte lineage mus-induced differentiation may also commit multipo-
tent precursors to the FTNK stage. FTLP and/or FTNKcommitment. Furthermore, the demonstration that bipo-
tent T/NK cell progenitors are phenotypically distinct progenitors that undergo further commitment steps,
marked by expression of CD25 and loss NK1.1, commitfrom subsets of unipotent T and NK lineage-committed
progeny strongly suggests that these cells may serve to the T cell lineage (pro-T stage). FTNK cells that do
not undergo this second thymus-induced differentia-as common precursors at the single-cell level. We are
currently investigating whether a single cell with the tion event lose CD117 expression and become NK lin-
eage-committed precursors, perhaps by default (pre-NK1.11 phenotype can simultaneously give rise to both
T and NK cells using micromanipulation and retroviral NK stages). Taken together, this model of T and NK cell
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used for the PCR analysis have been previously described (Rode-differentiation underscores the finding that T/NK lineage
wald et al, 1994). Products were separated by agarose gel electro-commitment can take place prior to thymic colonization;
phoresis, transferred by Southern blotting onto nitrocellulose filtershowever, full T lineage commitment requires the influ-
(Nytran), and visualized using an z800 bp (Jb) genomic probe. All
ence of the thymic microenvironment. PCR products correspond to expected molecular sizes.
Fetal Thymic Organ Culture ReconstitutionExperimental Procedures
Sorted populations were washed twice with medium. Lymphocyte-
depleted thymic lobes were prepared by culturing day 15 fetal thy-Mice
mic lobes from timed-pregnant RAG-22/2 mice in medium containingTimed-pregnant Swiss.NIH and athymic nude (nu/nu) mice were
1.0 mM deoxyguanosine (dG) for 5 days, as previously describedobtained from the National Cancer Institute, Frederick Cancer Re-
(Jenkinson et al., 1982; Jenkinson and Owen, 1990). Host dG-treatedsearch and Development Center (Frederick, MD). RAG-22/2 mice
FTOCs were then cultured with medium for 1 day and then the lobeswere bred and maintained in our own animal facility.
were rinsed twice, resuspended in 10 ml medium, and placed in
Terasaki plates at two lobes (one thymus) per well. Titrations of 3 3
Isolation of Fetal Cells 101 to 3 3 103 donor cells were resuspended in 20 ml medium and
Intact uteri were removed from timed-pregnant mice and washed added to dG-treated alymphoid fetal thymic lobes in Terasaki plates.
two times with Ca/Mg-free PBS to remove maternal blood. Fetuses After adding donor cells or medium alone, Terasaki plates were
were removed from theuterus without interruptingthe umbilical cord inverted (ªhanging dropº), and cultures were incubated at 378C in
and washed briefly with medium (DMEM medium supplementedwith a humidified incubator containing 5% CO2 for 24 hr. Lobes were
12% FCS, 2 mM glutamine, 10 U/ml penicillin, 100 mg/ml streptomy- then transferred to standard FTOC for 12 days. Cell suspensions
cin, 100 mg/ml gentamicin, 110 mg/ml sodium pyruvate, 50 mM from reconstituted thymic lobes were analyzed by flow cytometry.
2-mercaptoethanol, and 10 mM HEPES, [pH 7.4]) prior to isolation
of fetal tissues. To obtain fetal blood, fetuses were separated from OP9 Stromal Cell Line Coculture
the placenta, placed in medium plus 1 U/ml lithium heparin, and the Sorted cell populations were prepared as described above and used
jugular veins and cervical arteries were severed using microdissec- in parallel with FTOC reconstitution assays. Donor cells (1 3 103)
tion forceps and scissors. Fetuses were allowed to exsanguinate were cocultured in medium for 7 days on confluent monolayers
for approximately 10 min, after which they were removed for further (6-well plates) of OP9 cells (Nakano et al., 1994; Nakano, 1995) in
dissection. Fetal blood (FB, in heparinized medium) was filtered the presence of IL-3, IL-6, IL-7, and SCF (50 ng/ml each). Cells were
once through nylon mesh, and low buoyant density cells were en- then stimulated on a fresh OP9 monolayer in IL-7 and IL-2 for an
riched by discontinuous density gradient centrifugation using additional 6 days prior to harvesting for flow cytometry.
Lympholyte-Mammal (Cedar Lane, Hornby, ON), washed in medium,
and placed on ice. Fetal thymus (FT), fetal liver (FL), and fetal spleen
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